Abstract: This paper proposes a novel multi-channel compressed structure to estimate directions of arrival (DOAs) of broadband signals based on the Nyquist folding structure. This paper firstly proposes a novel multi-channel receiving structure on a long-short baseline interferometer array and analyzes the feasibility of this structure applied in the DOAs estimation of broadband signals. Next, this paper proposes a special frequency estimation algorithm of the input signals under this structure. Finally, the DOAs of signals are estimated by using the long-short baseline interferometer algorithm. Computer simulations show that the proposed algorithm under the novel structure works well and this structure can estimate the DOAs of broadband signals stably when the signal-to-noise ratio (SNR) of the input signals is greater than 0 dB.
Introduction
Owing to the limits of the conventional receivers in terms of the instantaneous receiving bandwidth, estimating the DOAs of broadband signals in real time needs a large and complex receiving system. In order to reduce the complexity and cost of the receiving system, this paper proposes a novel multi-channel Nyquist folding structure to estimate the DOAs of broadband signals with a small amount of equipment.
The first problem of broadband signals' DOAs estimation is how to completely receive broadband signals in real time. The receiving bandwidth is so wide that it is difficult for existing technologies [1, 2, 3] to receive broadband signals completely in real time. A feasible structure for broadband signals receiving is based on compressed sensing technology [4, 5, 6] . Fudge et al. [7, 8] proposed a simplified structure for the compressed sensing system, which is named as Nyquist folding receiver (NYFR). NYFR achieves full-probability broadband receiving with a single analog-to-digital converter (ADC) by folding the received signals in radio frequency (RF).
The second problem of broadband signals' DOAs estimation is the carrier frequency estimation of the input signals. This paper proposes a new special frequency estimation algorithm by improving the NYFR structure. This algorithm works better than the conventional time-frequency distribution algorithm under this structure.
The third problem of broadband signals' DOAs estimation is the choice of the DOAs estimation algorithm. Because the receiving bandwidth is so wide, the conventional single baseline interferometer algorithm which only needs two array elements will not be suitable for broadband DOAs estimation. The long-short baseline interferometer algorithm will increases the performance of DOAs estimation obviously by designing the long-short baseline array.
To solve problems above, we propose a novel multi-channel Nyquist folding receiver (MCNYFR) on the long-short baseline array. Aiming at the non-cooperative receiving of broadband signals, we analyze the changing of phase difference of the output signals between the first and the other channels of the MCNYFR in Section 2. Next, we propose a robust initial frequency estimation algorithm to obtain the carrier frequencies of the input signals in Section 3.1. Finally, we use the long-short baseline interferometer algorithm to estimate the DOAs of broadband signals in Section 3.2. In Section 4, we conduct comparative experiments to demonstrate the proposed frequency estimation algorithm has better performance than the classical algorithms under this structure. In addition, the long-short baseline interferometer algorithm is more suitable for this structure. In Section 5, we conclude this paper.
MCNYFR

The structure of MCNYFR
The structure of the long-short baseline array is shown in Fig. 1 . We use the first array element as the reference element. The parameters dð1Þ; dð2Þ; Á Á Á dðM À 1Þ are the spacings between the first and the other array elements. dð1Þ < dð2Þ < Á Á Á < dðm À 1Þ 0:5 Á c=f max , f max is the maximum cut-off frequency of the receiving bandwidth and c represents the velocity of electromagnetic wave. m represents the label of the m-th array element. M represents the number of array elements. dðM À 1Þ ! dðM À 2Þ ! Á Á Á ! dðmÞ ! 0:5 Á c=f min , f min is the minimum cut-off frequency of the receiving bandwidth. Because the spacings dð1Þ; dð2Þ; Á Á Á dðm À 1Þ are smaller than the half wavelength of the signals, they are called the short baselines. We can obtain the coarse estimation values of DOAs using the short baselines. Due to the spacings dðmÞ; dðm þ 1Þ; Á Á Á dðM À 1Þ are all greater than half wavelength of the signals, they are called the long baselines. We can obtain accurate estimation values of DOAs with some ambiguities using the long baselines. However, these ambiguities can be eliminated easily by the coarse estimation results based on the short baselines. The meaning of using the multiple short baselines and long baselines is to improve the stability of DOAs estimation. In practice, in order to facilitate the array arrangement, we usually try to arrange a small amount of the short baselines.
The structure of MCNYFR is shown in Fig. 2 . The other channels is the same as the first and the m-th channels. The input signals are received in the broadband filter BPF whose bandwidth is B 1 . After filtering the out-of-band noise, the complex signal xðtÞ ¼ ½x 1 ðtÞ; x 2 ðtÞ; Á Á Á ; x m ðtÞ T is obtained. xðtÞ is then mixed with the complex modulated local oscillator (LO) pðtÞ to produce a modulated receiving signal rðtÞ ¼ ½r 1 ðtÞ; r 2 ðtÞ; Á Á Á ; r m ðtÞ T . The pðtÞ is generated by the digital-to-analog converter (DAC) and the direct digital synthesizer (DDS) in digital signal processor (DSP). rðtÞ then passes through the complex low-pass filter LPF with a passband of ½Àf s =2; f s =2 and obtain the signal sðtÞ ¼ ½s 1 ðtÞ; s 2 ðtÞ; Á Á Á ; s m ðtÞ T . sðtÞ is then sampled by the ADC with a sampling rate of f s to obtain the baseband digital signal sðnÞ.
The synchronous LO group is designed for the carrier frequency estimation of the input signals. The proposed frequency estimation algorithm needs the modulated function ðnÞ in the synchronous LO group and that in the receiving signals of DSP is synchronous. Therefore, we need to make a closed-loop test to acquire the time delay from the digital LO signal generation to receiving the LO signal in DSP. In the test, we can set the input as an invariant constant. Then we use the crosscorrelation method between the generated digital LO signal and the LO signal received in DSP to obtain the time delay. Because the LO is generated in DSP, the parameters of it are known for us. After we obtain the time delay between the generated digital LO signal and the LO signal received in DSP, we can construct the synchronous LO group for the proposed frequency estimation algorithm. If we use the conventional LO design in the structure, the initial phase of LO and the initial phase of the modulated function are random. We can't obtain the time delay and construct the synchronous LO group. 
Signal processing in folding receiving
The signal model received in the m-th array element can be expressed as follows
where i , f i and ' i are wavelength, carrier frequency and initial phase of the i-th signal. i represents the DOA of the i-th signal. N represents the number of signals.
vðtÞ is the zero-mean white Gaussian noise whose variance is 2 v and it is independent of the signals.
The LO of the m-th channel can be simplified as
where exp½jð2f s 1 t þ ðtÞ þ ' 0 Þ is a continuous wave frequency modulation, f s 1 is the carrier frequency of the LO, k is an integer that represents the Nyquist zone index, K roundðf max =f s 1 Þ, ' 0 is the LO initial phase and ðtÞ is the LO modulation which is analyzed in [7] .
After the input signals are mixed with pðtÞ and filtered by LPF, the output signals can be expressed as
The digital signal in DSP can be expressed as If we use the conventional LO which is modulated, this structure can also keep the initial phase difference constantly. But this kind of LO is difficult to achieve in RF and the proposed frequency estimation algorithm will be invalid.
In summary, the MCNYFR can receive the broadband signals and keep initial phase difference of broadband signals constantly between each channel because of the novel structure design. Therefore, this structure can be used to estimate the DOAs of broadband signals. We only need to acquire the estimation of k H;i and the carrier frequency of each input signal before DOAs estimation.
3 DOA estimation of broadband signals in DSP 3.1 Initial frequency estimation of signals under the MCNYFR We can estimate the index of the Nyquist zone k H using the conventional timefrequency distribution method [10] . However, when the signal-to-noise ratio (SNR) is low, the estimation of this method is difficult. Therefore, we propose a more robust algorithm to estimate the index of the Nyquist zone k H based on the novel structure.
We take one of the signals as an example. We have proved that the modulated function ðnÞ in the synchronous LO group and that in the receiving signals of DSP can be synchronous through the closed-loop testing. Therefore, the synchronous LO group in DSP can be constructed as
where k 2 f0; 1 . . . ; Kg. The m-th channel output of the MCNYFR can be denoted as s m ðnÞ. where v 000 ðnÞ is also the white Gaussian noise based on [9] . Ass m ðnÞ is a singlefrequency signal, it is now possible to use some classical algorithms [11, 12 ] to obtain its frequency. Based on the studies in [11, 12] , we can obtain the frequency f baseband ofs m ðnÞ by using the peak searching method in the spectrum. Then the initial frequency estimation of the signal can be expressed aŝ
3.2 DOAs estimation of broadband signals by using the long-short baseline interferometer algorithm We also take one of the signals as an example. We assume q is the DOA of the signal. After proving the phase difference of the signal is constant between the first channel and the others, we can use the method in [13] to obtain the phase difference between the first channel and the others ' 1 ; ' 2 ; Á Á Á ; ' mÀ1 ; Á Á Á ' MÀ1 . After initial frequency estimation of the signal, we can also obtain the wavelength q of the signal.
The interferometer algorithm is a classical algorithm [14] .
We can use the interferometer algorithm to obtain the estimation values of q between the first channel and the others. Due to the spacings dð1Þ; dð2Þ; Á Á Á ; dðm À 1Þ are smaller than the half wavelength of the signal, we can obtain the coarse estimation values of q using the phase differences ' 1 ; ' 2 ; Á Á Á ; ' mÀ1 . Because the spacings dðmÞ; dðm þ 1Þ; Á Á Á ; dðM À 1Þ are all greater than half wavelength of the signal, we can obtain the accurate estimation values of q and many ambiguities using the phase differences ' m ; ' mþ1 ; Á Á Á ; ' MÀ1 . At first, we compute the arithmetic mean for the coarse estimation values to obtain a stable coarse estimation value. Because the accurate estimation values are closer to the coarse estimation value than the ambiguities, we can use the coarse estimation value to eliminate ambiguities. The accurate estimation values and the coarse estimation value are in the same angle quadrant. The ambiguities and the coarse estimation value are in the different angle quadrants. Then we can obtain the accurate estimation values. Finally we compute the arithmetic mean for the accurate estimation values to obtain the final stable accurate estimation of q .
Simulation analysis
The simulation parameters are set as follows.
The linear array structure is used and the spacing of the adjacent array elements is ½1:5; 3; 3 cm. The array satisfies the array design in this paper. We assume that the MCNYFR receives three simulation signals which are single-frequency signals Table I .
Initial frequency estimation of broadband signals
Signal initial frequency estimation comprises two steps -Nyquist zone index estimation and frequency estimation of the demodulated signal in baseband. The After estimating the Nyquist zone index, we can obtain the demodulated signals. Now we show the frequency estimation performance of the demodulated signals versus SNR. The normalized root mean square error (NRMSE) of the estimation is shown in Fig. 4 . 
where z represents the true value, z 0 represents the estimation value, l is the Monte Carlo experiment times. Fig. 4 reveals that the proposed method performs better than the method in [10] in estimating the frequency of the demodulated signals when SNR < À4 dB, because the proposed method has a better Nyquist zone index estimation performance. When the SNR is greater than −4 dB, the performances of both methods are almost the same due to the same frequency estimation process.
4.2 DOAs estimation based on long-short baseline interferometer algorithm After estimating the initial frequency of signals, we simulate DOAs estimation NRMSE of the three signals with changing SNR using the long-short baseline interferometer algorithm. In addition, we conduct the two comparative experiments. The first experiment compares the effect of the different frequency estimation algorithms on the DOAs estimation. The second experiment compares the performance of the long-short baseline DOAs estimation and the classical single baseline DOAs estimation with none ambiguities [15] . Let us assume that the SNR of the input signals is À10$10 dB. 500 Monte Carlo trials are used for each SNR value.
In Fig. 5 , we use the same DOAs estimation algorithm and the different frequency estimation algorithms to compare the effect of the different frequency estimation algorithms on the DOAs estimation. When SNR < À4 dB, the performance of DOAs estimation with the proposed frequency estimation algorithm is better. This proves that the proposed algorithm can improve the performance of DOAs estimation under the low SNR condition.
In Fig. 6 , we use the same frequency estimation algorithm and the different DOAs estimation algorithms to compare the performance of DOAs estimation. As the SNR increases, both methods will obtain the DOAs estimation of the signals, but this paper's method performs better. The accuracy is higher and the error is decreased faster with the increasing of SNR. When SNR > 0 dB, the performance of the proposed method is nearly stable. When SNR > 4 dB, the performance of the classical method is nearly stable. But if the receiving signals have the same carrier frequency, the method in this paper will be invalid. In summary, we only use the single ADC whose sampling rate is 1 GHz to receive broadband signals. The receiving bandwidth is 4 GHz. This structure greatly simplifies our receiving system. The experiments prove that the DOAs estimation method is more suitable for this novel structure than the classical method. The proposed frequency estimation method performs better than the classical method with the increasing of SNR. Therefore, the design of combining these two methods under this novel structure will improve the performance of DOAs estimation obviously.
Conclusion
The MCNYFR structure presented in this paper not only can achieve the receiving of broadband signals with a small amount of equipment, but also can efficiently obtain the DOAs estimation of broadband signals with the combination of the proposed initial frequency estimation algorithm and the long-short baseline interferometer algorithm. The experiments prove that the novel multi-channel compressed system combined with two methods can obtain the DOAs of broadband signals stably when SNR > 0 dB. Because the MCNYFR has many advantages, it can has broader applications in the aerial reconnaissance, ground reconnaissance and multi-objective electronic countermeasure field.
